A physically based distributed hydrological model (WEB-DHM-S) was used for modeling 3 years of time series, from 2006 to 2008, for the Puna Tsang River Basin and to compare the results with the observed measurements. Furthermore, with additional inputs of initial snow cover area, snow depth, glacier area, and temperature, WEB-DHM-S can simulate the snow and glacier melt flow contribution to the stream discharge accurately. By adjusting the air temperature from the JRA-25 datasets, the model can simulate the seasonal snow melt and accumulation. This study may benefit the community in Bhutan by providing reliable predictions of flow regimes in the rivers due to climate change. It may provide a physically based modeling of the snow and glacier melts; and further assessment of the impact of GLOFs.
INTRODUCTION
The Puna Tsang River Basin is the second largest in Bhutan and very important from an economic point of view. Some of the most fertile valleys like the Punakha-Wangdue valley are in this basin. Additionally, hydropower is an economically vibrant industry in Bhutan, given the steep topography and fast flowing rivers. Some of the biggest hydro-power plants are also planned in this basin, and tapping the water resource of the basin to generate power would mean an important development for the country. However, issues of floods and climate change affect the development in this basin. The occurrences of floods, droughts and other natural disasters at abnormal times have been attributed to climate change. For Bhutan, being a mountainous country, the concern is the increased glacier melt. The increased glacier melt increases the risk of Glacial Lake Outburst Flood (GLOF) and then decreasing flow in the rivers afterwards. There are number glacial lakes in this basin, some of which have been classified as potentially dangerous as they may cause GLOF events in the future 1) .
GLOFs are not a new phenomenon but with the worldwide receding of glaciers and rising temperature the probability of their occurrences has risen in many mountain ranges. GLOFs originating from two glacier-dammed lakes along the margin of the Tulsequah Glacier in British Columbia, Canada 2) ; the Tsho Rolpa Lake in the Nepal Himalayas 3) ; and glacial lakes of the Swiss Alps, Switzerland 4) , where GLOF events concentrate in the southern valleys of Canton Wallis and occur most frequently in the summer months, after the onset of snow-melt, are examples of other studies that assess the risks of GLOFs and the importance of their understanding.
For this study, the model Water and Energy Budget based Distributed Hydrological Model 5) with improved snow physics (WEB-DHM-S) 6) was used; which can simulate the snow processes more accurately through the physically based multi layer energy balance modeling approach in the basin scale 7) .
This study focuses on the application of WEB-DHM-S to the Puna Tsang river basin in Bhutan, and validation of the model performance for the flow discharge and seasonal snow cover area.
STUDY AREA
The study area is the Puna Tsang river basin in western part of Bhutan. The basin has a catchment area of 13,263 km 2 and the ground elevation ranges from 330 m to 7011 m above sea level.
In the north, the basin is made up of some of the tallest Himalayan peaks rising up to elevations of 7500 meters. The northern part also comprises of large glacier systems, glacial lakes and associated glacio-fluvial deposits. Along the southern foothills near the towns of Sarpang and Gelephu extensive fluvial outwash plains containing significant quaternary deposits characterize the topography and geomorphology.
The details of precipitation gauges in the basin are shown in Table 1 and The climate of this basin, similarly to the whole country is dominated by the monsoon which sweeps in from the Bay of Bengal during June, is intense during July and August, and finally weakens during September. The mean annual rainfall varies between 500 mm at the foothills bordering India to above 5000 mm in the middle-upper reaches.
METHODOLOGY
WEB-DHM-S was applied to the Puna Tsang River basin to investigate and evaluate the performance of the model with the Japanese 25 years Reanalysis (JRA-25) datasets in a snow-melt dependent basin. The details of the data, model application, and modifications to the JRA-25 air temperature are described in this section.
(1) Data
The daily precipitation data for 10 meteorological gauges and daily discharge data for 4 discharge gauges were obtained from the Meteorology Section, Hydrometeorological Services Division, Department of Energy, Ministry of Economic Affairs, Thimphu, Bhutan (HSD, Bhutan).
The topographic data was obtained from SRTM 90 meter DEM; which was used for delineating the basin subdivision and for the hydro processing of the stream network. From available global data, the Leaf Area Index (LAI) and the Fraction of Photo-synthetically Active Radiation (FPAR) datasets were obtained from EOS Data Gateway of NASA. JRA-25 data sets were used for the meteorological input data (including downward shortwave radiation, downward longwave radiation, air temperature, cloud fraction, specific humidity, U and V components of wind speed, and atmospheric pressure). The gauges, DEM, land use, and soil type for the basin are shown in Fig. 1 and Acrisols, cambisols, lithosols, nitosols, and gleysols are the soils types in the basin. The average soil content of the basin is classified as 22% clay, 49% sand, and 29% silt. Land use type was reclassified according to SiB2 types. All surface meteorological data for this study including LAI/FPAR, soil type, land use, and air temperature were processed in a 1 km x 1 km grid for model simulation.
(2) Model
A physically based distributed hydrological model with improved snow physics, WEB-DHM-S, developed by coupling three layered snow physics of Simplified Simple Biosphere 3 (SSiB3) 8)9) and albedo scheme of Biosphere Atmosphere Transfer Scheme (BATS) 10) into WEB-DHM 5) , is capable of simulating the snow processes and variability of snow density, snow depth, snow water equivalent, liquid water, ice content and snow albedo, snow layer temperature and thermal heat due to conduction 7) ; was here used for modeling 3 years of time series, from January 2006 to December 2008, and compare the results with the observed measurements.
Furthermore, with the improvements in the snow physics by coupling three layered energy balance based snowmelt module of SSiB3 and albedo scheme of BATS, and additional inputs of initial snow cover area, snow depth, glacier area, and air temperature, WEB-DHM-S can simulate the snow and glacier melt flow contribution to the stream discharge accurately 6)7)11) .
In WEB-DHM-S, the snow parameterizations for the canopy are kept the same as in WEB-DHM, but the single-layer snow scheme on the ground is replaced by the SSiB3 snow scheme when the snow depth is greater than 5 cm. Initially, the snowpack is divided into three layers that start with the same initial snow temperatures. The top layer thickness is kept at a fixed depth of 2 cm regardless of the total snow depth to provide reasonable simulation of the diurnal changes in the snow surface temperature. The maximum thickness of the middle layer is kept at 20 cm, and the bottom layer represents the remaining body of the snowpack. A surface energy balance equation is formulated only for the top layer, which is influenced by the surface radiation budget and sensible and latent heat fluxes. The heat budget of the second and third layers is controlled by the heat conduction and the penetrating shortwave radiation 7) .
The initial snow cover area (SCA) for the basin needs to be prescribed as initial conditions for the simulation. For this study, the input was the observed snow cover area for 1 st obtained from MODIS/Terra Snow Cover 8-day Global data (Fig. 3) . Furthermore, the model initial condition of snow amount is set as 10 meters of snow depth.
(3) Correction of JRA-25 Air Temperature
The model has proven to be capable of accurately simulating the snow processes when using in-situ measured meteorological forcing data 7)11) . However, when using reanalysis data some model biases are due to the averaging of the forcing data at 1km grids. Preliminary simulations showed that the air temperature provided by the forcing data was about 10 degrees Celsius higher than the expected average air temperature at each grid. This caused all the initial snow to melt within the first year of simulation; and subsequent years were not able to accumulate any snow at all.
A first attempt to correct the air temperature,
JRA corr T T yield better results. Simply by subtracting 10 degrees to the JRA-25 air temperature at each grid, the model retained and successfully simulated the seasonal variability of the snow. Because the air temperature decreases with altitude, higher ground elevation has lower air temperature inducing solid precipitation within the basin; a temperature correction based on ground elevation was implemented.
Therefore, an elevation-dependent temperature correction was introduced to the model, calibrated to the basin's characteristics, to overcome the bias error of the forcing data when interpolating the air temperature at each grid. Eq. (1) shows the adjustment to the JRA-25 air temperature within the model.
where T corr is the corrected air temperature for the model, T JRA is the interpolated air temperature from I_237 JRA-25 at each grid, -0.65°C /100 m is the lapse rate of -0.65 degrees Celsius per 100 meter increase in elevation, Elev i,j is the interpolated ground elevation at each grid, and a is a correction coefficient.
RESULTS AND DISCUSSION
The results of the flow discharge, snow cover modeling, and air temperature correction are described in this section.
(1) Flow Discharge
The results are compared at two control gauges: Kerabari Station is located at the downstream point of the basin; and Yebesa Station is located just upstream of the confluence at Punakha. (Fig.1) The model with uncorrected JRA-25 forcing data was not able to simulate the snow melt flow contribution the to the stream discharge. The model induces almost no solid precipitation and the stream discharge is based on the rainfall precipitation only. (Fig. 4 and Fig. 5 
, green line)
The model with corrected JRA-25 air temperature was able to successfully simulate the flow discharge at the upstream gauge and at the basin scale. The snow accumulation during winter and snow melt during summer greatly improves the simulation of the stream discharge. (Fig. 4 and Fig.  5, red The overall correlation between simulated and observed measurement for the entire basin at the most downstream gauge, Kerabari Station, was improved from 0.86 to 0.93 and for the Nash coefficient from 0.07 to 0.81.
At the upstream gauge, Yebesa Station, the model was improved from a correlation factor of 0.64 to 0.92 and for the Nash coefficient from -0.47 to 0.83.
The improvement in simulation is reflected at the upstream sub-basin, where the stream discharge heavily depends on the snow-water-equivalence accumulation during winter time, and snow melt flow contribution throughout the year.
(2) Air Temperature Correction
The sensitivity of Eq. (1) was analyzed by running the model with different lapse rates ranging from 0.35°C /100 m to 0.85°C /100 m and several coefficients ranging from a = 1000 m to a = 4000 m. Likewise, the flow discharge and SCA were evaluate in each case to determine the performance of the model.
On average, the air temperature from JRA-25 needed to be lower by 8 degrees Celsius. Given the basin's average ground elevation about 3200 meters above sea level, the best results were obtain with a correction coefficient of a = 2000 m and a lapse rate of -0.65°C/100 m.
Further improvement of Eq. (2) would increase the performance of the model at the basin scale. This proves that snowmelt runoff analysis using reanalysis data and satellite observations is accurately feasible. The results of the corrected air temperature are shown in the following section.
(3) Snow Cover Modeling
The simulated snow cover at the basin-scale was evaluated by comparing with the MODIS 8-day observed snow cover area.
The model with uncorrected JRA-25 forcing data was not able to simulate the seasonal snow process because the interpolated air temperature at each grid is too high. The initial snow cover condition melts entirely within the first year of simulation; during subsequently year, the model induces almost no solid precipitation; and therefore, no snow accumulation occurs. Consequently, the air temperature was modified within the model to be dependent of the ground elevation for each grid and interpolated according to the lapse rate. The model with corrected JRA-25 air temperature was able to successfully simulate the seasonal snow processes. The model achieves a good balance between snow melt and snow accumulation within the first year of simulation. The snow melt during summer greatly improves the simulation of the flow discharge for the upstream sub-basin.
When using reanalysis datasets for the forcing data, some parameters induce a bias when averaged into a larger scale. In this case, the averaged air temperature at 1-km grids becomes the unknown parameter. The uncertainty of the temperature was confirmed with the evaluation of the model output and comparing with the measured data of precipitation, flow discharge and the observed SCA.
The simulated snow cover area using uncorrected JRA-25 air temperature shows almost no solid precipitation and no seasonal snow accumulation. The simulated snow cover area using a temperature correction for the JRA-25 data shows solid precipitation for each month and the seasonal snow accumulation on a basin-scale. By evaluation of Fig. 6 , the model is capable of simulating snow cover with an approximate accuracy of 90% for the entire basin. A pixel-by-pixel analysis between simulated and MODIS SCA was performed for the overall basin and for the sub-basin upstream of Yebesa Station. The proportion correct of the SCA for the upstream sub-basin was found to be approximately 78% and 89.5% for the entire basin. The overestimated SCA at high elevations and underestimation in lower elevations can be corrected by further improving Eq. (2). Overall, the simulated SCA properly resembles the behavior of the observed SCA in good agreement with the flow discharge measurements as well. This is a remarkable achievement for a physically based distributed hydrological model using reanalysis data to properly resemble the snow physics and snow extent at the basin scale.
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CONCLUSIONS
In this study, snow cover modeling using WEB-DHM-S was evaluated for the Puna Tsang river basin. The model successfully simulated the seasonal and interannual variability of the snow processes and accurately resembles the observed snow cover area for the time series from 2006 to 2008. Air temperature bias from the interpolation of the forcing data was analyzed and corrected. The air temperature was modified within the model to be dependent of the ground elevation for each grid and interpolated according to the lapse rate. Finally, the flow discharge simulation was greatly improved by taking into account the snow melt contribution to the stream discharge.
It is important to accurately simulate the snow processes in snow-melt dependent basins, such as the Himalayan river basins, because their flow regime does not only depend on the precipitation amount. This physically based model provides reliable predictions of snow physics and flow contribution to the stream discharge in snow-melt dependent basins.
A further study may benefit the community in Bhutan by providing reliable predictions of flow regimes in the rivers due to climate change. It may provide a physically based modeling of the snow and glacier melts, and further assessment of the impact of GLOFs.
